Fundamental understanding of microphase separation in ABC miktoarm copolymers is vital to access a plethora of non-conventional morphologies. Miktoarm stars based on poly(cis 1,4-isoprene) (I), poly(styrene) (S) and poly(2-vinylpyridine) (V) 
Introduction
ABC miktoarm star terpolymers -macromolecules containing three chemically distinct polymeric chains connected at one junction point -have attracted much interest due to the exceptional packing of the microdomains, both, in the bulk and in thin films, into tessellated morphologies. [1] [2] [3] [4] [5] [6] [7] _ENREF_1_ENREF_1_ENREF_1_ENREF_1_ENREF_1 Depending on the composition and the strength of interactions between the blocks, ABC star terpolymers can form cylindrical microdomains replicating some of the 12 Archimedean tiling patterns and hyperbolic tilings on a gyroidal net, cylinders in lamella, lamellae in lamella, lamellae in cylinder and lamellae in sphere patterns, -packings which are quite different from the microdomain morphologies typically seen for AB and linear ABC block copolymers. 4, [6] [7] [8] [9] Mixtures of ABC and ABD stars were shown theoretically to form one of the most complex soft matter morphologies known to date. (Scheme 1) were used for the syntheses of SBM, SBV [poly(2-vinylpyridine)] and ISV. [16] [17] [18] [19] In the 4 current study we prepared star terpolymers using the symmetrical difunctional linking agent 5, 1,4-bis(phenylethenyl)benzene (1,4-PEB) which was previously used for the synthesis of AA'A'' star polymers having S arms of different molecular weights. 20 Scheme 1. Various capping agents used for synthesis of the star shaped polymers.
Morphologies of the ISV miktoarm star copolymers have been studied in numerous laboratories. These copolymers have been synthesized and characterized since 2000 to understand the influence of the composition of the components on the morphology. 18, 19 A complete triangular phase diagram was constructed for ISV by Matsushita and coworkers 4 based on their numerous studies, 4, 9, 18, 19, [21] [22] [23] [24] [25] and, in general, a number of theoretical studies focused on different aspects of the microphase separation in ABC miktoarms. 3, [26] [27] [28] [29] [30] [31] [32] By changing the length of one of the arms, typically V, while keeping the other two arms (I and S) fixed, represented as ISV-x , where x is the volume ratio of V over I, it has been shown that, as x increases from 0.2 to 0.4 to 0.7 to 1.2 to 1.9 to 3 and then to 10, the morphology transitions from spheres sandwiched by lamellae to a [12.6.4] tiling, a [6.6.6], a [8.8.4 ], a [12.6.4] tiling, an alternating lamellae (ALT. LAM) and, finally, to cylinders in lamellae, respectively. 4 Modeling attempts have been made to simulate these morphological transitions. 3, 26, 33 Assuming symmetric interactions between the three pairs, a detailed triangular phase diagram has been constructed based on the SCFT calculations. 33 By combining generic spectral method and real space methods, about a dozen different ordered 5 morphologies were reported. However, it was noted that there were discrepancies between the simulated and experimentally observed morphologies, which were attributed mainly to the asymmetric interactions between the three different pairs. In other studies 3, 24 two interaction parameters (χIS and χSV) are assumed to be equal but less than χIV, i.e., χIS ≈ χSV < χIV. Using this simplified model, it was possible to mimic some ISV-x morphologies observed in the experiments.
Here, we undertook the challenge to understand the effects of additional variables and go beyond the simplified model.
Most studies have focused on understanding the effects of composition without considering annealing temperature, molecular weight and the specific chemistry of the systems. In fact, to hexagonally packed core-shell cylinders (x ≈ 5 -8). This comprehensive set of experimental data on one miktoarm star terpolymer series lends itself to a comparison between experiment and theory on the morphological impact of temperature, chain length and segmental interactions.
Materials and Methods
All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Tetrahydrofuran (THF) was distilled over a sodium-benzophenone mixture after it reached violet color.
Cyclohexane was distilled from living yellowish poly(styryl)-Li. Monomers, styrene, isoprene and 2-vinylpyridine (2VP) were passed through basic aluminium oxide column, distilled from calcium hydride and then either from dibutylmagnesium (styrene and isoprene) or triethylaluminum (2VP) prior to use. Sec-butyllithium (sec-BuLi, 1.4 M in cyclohexane) was used as an initiator. The apparatus for anionic polymerization was described in details elsewhere.
36,37
Synthesis of the linking agent (1,4-PEB). Terephthaloyl dichloride (81.2 g, 0.400 mol) was dissolved in 500 ml dry benzene (Na-benzophenone) and slowly added to 117 g (0.877 mol) of AlCl3 in 500 ml dry benzene. The mixture was heated to 60 °C for 0.5 h (HCl evolution) and then for 1 day at 70 °C. To the yellow slurry 1 L of cold water and 25 ml of 37% HCl were added slowly followed by 0.5 L of chloroform. The organic phase was collected and the aqueous phase was extracted with 0.5 L of chloroform. The organic phases were combined, washed with 0. Table 1 and Supporting Information, SI2). pixel-detector. Samples were mounted in small Cu-discs between two 5-7 µm mica windows prior to measurements. and core-shell HCP structure. The free energies of the resulting structures were compared to determine a morphology with the lowest free energy. ABC terpolymers have been studied extensively using the SCFT. 3, 26, 30, 31, 40, 41 A brief description of the SCFT model and the parameters used for ISV-x is presented below. Following standard protocol 42 for the SCFT, a Hamiltonian of the ABC miktoarm melt was defined, followed by field theoretical transformations leading to a field theory. The saddle-point approximation was then applied to approximate functional integrals appearing in the field theory, which yield a set of non-linear equations. These equations were then solved iteratively to obtain volume fraction distribution of the three different components (I, S and V). Polyswift ++ 43 was used for all the SCFT calculations in this article, which uses a pseudo- . The maximum ratio of the conformational asymmetry parameter for the SIV copolymers is 1.1 (=βPI 2 /βPS 2 ). The conformational asymmetry effects are the most significant near disordersphere transition boundaries in block copolymers due to shift of the critical point and resulting skewing of the morphology diagrams. 47 Typically, one requires high values of the conformational asymmetry parameter in order to see noticeable changes. 47 For example, in a recent work by
Self-consistent field theory (SCFT
Schulze et al 48 , conformational asymmetry stabilizes the Frank-Kasper phase when the ratio of the asymmetry parameter is 1.32 and no significant changes were observed for a lower value (=1.06).
In this work, we have investigated intermediate-strong segregation regimes for either lamellar, cylinder or tessellated morphologies with relatively small conformational asymmetry parameters (~1.1). For such systems far from the disorder-order transition boundaries, we expect the conformational asymmetry effects to be minimal 47 , which is also justified by posteriori qualitative agreements between experiments and SCFT results. As the conformational asymmetry effects in ABC miktoarm copolymers remain largely unexplored, a detailed study is required to explore possible effects in the context of SIV miktoarm polymers. With a choice of an average segment length for all the three components, the system can be scaled with respect to the radius of gyration Moreover, our studies on the ISV-x samples revealed that the temperature has hardly any effect on the morphology of the polymers except for one of the samples. The χIV is reported to be about eight times of χIS based on solubility parameter estimations. 51 For computational purposes, χIV = KχIS was chosen, where K was varied to obtain the morphologies observed using SAXS and TEM in this work and a value of 3.5 was found to suitably represent most of the observed morphologies.
The calculations were done in two dimensions (2D) for all the cases and in three dimensions (3D)
for those samples for which experimental data was available. For the 2D calculations, the initial conditions for the fields and the box dimensions (Lx/Rg=Ly/Rg) were varied between 7.0 and 13.5
to obtain the morphologies with minimum free energies. The grid size was varied between 0.08Rg to 0.21 Rg for either 64x64 or 96x96 lattice. The free energies of the competing structures were presented in the SI (section SI9) (systems without competing ordered structures are not shown).
For most of the cases, the free energy differences were significant enough to determine the equilibrium morphology. and ISV-7.6: 96x96x16 grids with grid size varying from 0.09Rg-0.15Rg. A summary of the various parameters used in these calculations is given in the Supporting Information, Table S1 . Ly represent the total length of the grids in the x and y directions, respectively. m and n are integers ranging from 0 to Nx/2 and 0 to Ny/2, respectively, so that Nx and Ny are the number of grids in x and y directions, respectively. The static structure factor S(q*) was obtained as a function of the scalar wave vector q*(=(qx 2 +qy 2 ) 1/2 ) using its definition: S(q*)=<Θ(q*)Θ(-q*)>/(NxNy) so that Θ(q*) and Θ(-q*) represent the Fourier transform of ρ(x,y) and it's complex conjugate, respectively, at the Fourier wave-vector q*. The angular bracket <> represented azimuthally averaged value of S(q*) at any given q*.
Results and Discussion
Eleven different samples of ABC miktoarm star terpolymers (Table 1 and a Determined from GPC and NMR in CDCl3, b determined from GPC. c Volume ratios of I, S and V blocks were calculated from NMR and polymer densities (ρPI = 0.91 g/ml, ρPS = 1.06 g/ml, ρP2VP = 1.15 g/ml). The symmetric diblock copolymer IS showed the expected LAM morphology (Figure 1 and 2) below the order-to-disorder transition temperature (TODT) from TEM images and the SCFT calculations. Attachment of a small arm of V (ISV-0.04 and ISV-0.15) does not change the LAM morphology, as seen in the TEM images (Figure 1 ), in fact, it is difficult to locate the V domain in the TEM images, since the volume fraction of V is small. However, the SCFT calculations show that the V is located at the interface between I and S so as to reduce the number of contacts between I and S domain (Figure 2 ). Based on the Nχ values reported in Table S1 in the Supporting Information, V is expected to be more miscible in S than in I. The SAXS results ( Figure 3 ) and computed scattering patterns based on the SCFT using the volume averaged electron scattering length density (SLD) of the components (Figure 4 ) also show the expected peaks for a LAM 15 structure with q/q* values of 1:2:3. 5 For IS, only the odd reflections were observed (1:3:5) because of the perfect symmetry in composition. This symmetry was, however, broken when only a small amount of V was added and the even order reflections for the LAM structure reappear for ISV-0.04 and ISV-0.15. This is in agreement with the SCFT prediction that V segregates selectively to the S side of the LAM interface and is more miscible in S than in I.
16 for all three ISV-1.9, ISV-2.9 and ISV-4 cases. Higher order scattering peaks [20] , [30] and [40] corresponding to the primary length scale [10] are observed up to 3 rd order for ISV-1.9, ISV-4 and up to 4 th order for ISV-2.9. Since the electron density difference between S and I is smaller compared to V and I, only one higher order peak [02] is observed for the secondary length scale in the case of ISV-1.9. In SAXS, qualitatively similar features are found up to the 5 th order ( Figure   3 ) for the primary length scale, while only 1 st order peak is detected in the form of faint shoulders for the secondary length scale ( Figure 3B ). Observation of a very small and broad peak for the secondary length scale, [01] and/or [11] , and the absence of higher order peak for this length scale may be attributed to polydispersity of the undulations and/or I domains. Moreover, the electron density difference between I and S is small in comparison to V and I. Similar detailed analysis of hierarchical lamellar microstructures in ABC star copolymers have been reported in Ref. 56 
23
Finally, increasing the length of V even further (ISV-5.2 and ISV-7.6) leads to hexagonally close packed structures, where the I domain is almost completely shielded from the V domain by S, which is attributed to the highest χ for I-V relative to the other two interacting pairs (see Table   S1 in the Supporting Information). Both, the TEM images and the SCFT based morphology qualitatively agree with each other. Furthermore, the SAXS and the SCFT based scattering patterns qualitatively agree with each other and they correspond to the hexagonally close packed structures with the peaks appearing in the ratio, 1:√3:√4. instead of one. We should point out that in Refs . 3, 5 , these additional peaks were incorrectly attributed to incommensurability between the simulation box sizes and period of the morphologies.
The morphologies of the ISV-x were compared to those reported in the literature ( Table 2 ). The morphology reported for ISV-0.33 qualitatively agrees with previous reports based on the SCFT simulations, but the other morphologies (ISV-0.62, ISV-1.9 and ISV-2.9) do not agree. These differences may arise from differences in annealing temperatures, total molecular weights and/or the microstructure of poly(isoprene): 1,4 or 3,4 addition, cis or trans conformation. We discuss each below. 
Effects of Temperature
The complex shear modulus obtained during a temperature sweep (constant ramp rate of 2 °C/min) at fixed frequency and strain allows us to observe morphological transitions. The transitions are exemplified by a sudden change in the real part of the elastic modulus G' in Figure   5A . In the simplest case of symmetric IS diblock copolymer the evolution of G' as a function of temperature is continuous up to 181 °C and then a discontinuity is observed. This sudden decline of G' is associated with the order-to-disorder transition (ODT) at TODT. Above TODT, the IS diblock copolymer transitions to a phase mixed state. For a symmetric AB diblock copolymer, TODT can be defined through a relation based on the mean field theory, written as (χABN)ODT = 10.5, where N is the total number of statistical segments of the diblock copolymer, and χAB is the Flory-Huggins interaction parameter characterizing interactions between A and B. TODT for symmetric IS was reported to be 100 °C and below 40 °C at molecular weights of 15 kDa and 12 kDa, respectively. 57 Therefore, 41 TODT = 181 °C, for the copolymer studied here with a molecular weight of 21.7 kDa is reasonable. By adding an extra V arm to the IS diblock copolymer, segmental mixing of all three I, S and V components takes place at elevated temperature. The TODT for ISV-x stars with low V content (x = 0.04 -0.62) exhibits a systematic shift to progressively higher values as the molecular weight of V increases ( Figure 5A ). One trend which is distinctive from others in Figure 5A is the abrupt increase of G' at 175 °C for ISV-0.33. Such behavior is attributed to the formation of another type of microstructure with a higher elastic modulus, despite the elevated temperature. For diblock copolymers, this behavior is normally explained by an order-order transition when crossing the boundaries in the morphology diagram (χN vs. volume fraction, f) as χ decreases with an increase in T (as χ ~ 1/T). 37, 49 The SAXS and TEM results are consistent with the rheology measurements. As shown in Figure 5B Similarly, the sample ISV-0.9 shows stability and the absence of morphological transitions over a broad temperature range 150 -250 °C ( Figure 5B ). The identical trend was observed for all ISV-x (x = 0.9 -7.6) stars in rheology data (Supporting Information, SI5). Samples with higher V content (x = 0.9 -7.6) have TODT exceeding the degradation temperature of the individual blocks (> 300 °C) in agreement with the increase of their total molecular weight and therefore no attempts were made to observe the TODT experimentally for ISV-x, x = 0.9 -7.6.
In summary, except for ISV-0.33, all other polymers retain their morphology over a wide range of temperatures (up to TODT) implying that temperature alone cannot explain the discrepancies in the observed morphologies of the ISV-x polymer samples compared to those reported in the literature of similar composition. Since the temperature dependence of χIV is unknown therefore no SCFT simulations were attempted to understand the effect of temperature on the morphology.
Qualitative Effects of Chemical Microstructure of Poly(isoprene) via χIV/χIS
There are three different interaction parameters for the ISV-x: χIS, χSV and χIV, out of which the first and third parameters are expected to be affected if the configuration of I is changed from predominantly cis 1,4 (current study) to predominantly 3,4 (reported in the literature). 58, 59 However, quantitative details of changes in the chi parameters are not known experimentally. In this work, we systematically varied the ratio χIV/χIS to study its effects on the morphologies. It has been reported 3, 26 that χIS ≈ χSV < χIV for the morphologies investigated by Matsushita and coworkers. 4, 24 In the current study, the effect of χIV was investigated while keeping the other two parameters fixed. The χIV = 3.5×χIS, (χIS = 0.0737 at 175 °C) reported in the methods section was reduced by systematically decreasing the ratio χIV/χIS below 3.5. The ratio of 3.5 was obtained by scanning the parameter space to obtain the morphologies observed using TEM and SAXS in this work. The ratio was reduced to 2.5 and 1.5 to investigate the effect of χIV on the morphologies. By systematically reducing the ratio χIV/χIS in the SCFT, we found that morphologies of ISVx containing predominantly poly(3,4-isoprene) reported in the literature can be reproduced by decreasing χIV/χSI from 3.5 [ISV-x containing predominantly poly(cis 1,4-isoprene] to 2.5/1.5 for all of the four cases presented in fixed and the third arm length is varied to tune the composition. This causes a change in the total molecular weight, and the assumption of a constant N can lead to discrepancies. In the next section, we explore these effects resulting from changes in the total molecular weights in an effort to reconcile differences with the reported results.
Effect of N
One of the factors that might have impact on the morphology of ISV-x star polymers is the total molecular weight for a given composition of I:S:V. For diblock copolymers χN ~ N/T, hence the temperature and molecular weight can be used interchangeably in defining the SCFT input parameter, χN. Whereas for terpolymers there are three different pairwise interactions, χij (which are inversely proportional to the temperature T, with different proportionality constants for 30 different pairs i and j) and just one N, therefore temperature dependence of the morphogy diagrams is much more complicated for terpolymers than diblock copolymers. For most samples the experimental morphology was found to be independent of temperature, as reported in the earlier section. Since the temperature dependence of one of the pairs (χIV) is unknown therefore SCFT could not be undertaken to study the morphology as a function of temperature. The morphology of those samples may or may not be independent of molecular weight, which needs to be determined using SCFT. SCFT calculations were performed on five different samples of ISV-x to determine whether there is any transformation in the morphology due to a change in the N (leading to changes in NχIS, NχSV, and NχIV). As shown in Figure Table 2 may also be attributed to the molecular weight differences (reported molecular weight 19 /current molecular weight = 4.6). This study highlights that not only is the relative difference between the interaction parameters important, as reported by the SCFT studies 3, 26 but also the absolute values of the interaction parameters as speculated previously. so that poly(cis 1,4-isoprene) and poly(2-vinylpyridine) are argued to microphase separate stronger compared to poly(3,4-isoprene) and poly(2-vinylpyridine). Also, the differences in molecular weights of our ISV systems were shown to influence the morphologies. As molecular weight increased, ISV-0.33 transformed from [12.6.4] tiling to spheres sandwiched within lamella structure, ISV-0.62 and ISV-0.9 changed from [8.8.4 ] to [6.6.6] tiling morphology; ISV-1.9 and ISV-2.9 transformed from CYLULAM structure to LAM-3 structure as molecular weight decreased. Effect of temperature on the morphology was observed for ISV-0.33 which exhibited order-order transition to a gyroid phase at an elevated temperature. This concerted effort on investigating the morphologies of ISV-x miktoarms using experimental and theoretical tools enhances our understanding of ISV-x structural properties in particular and ABC miktoarm polymers in general. This study highlights the importance of chemistry and molecular weight on 33 the bulk morphologies of ISV-x, which can be probed in other polymeric systems for advancing our knowledge in ABC miktoarm copolymers.
Supporting Information. Ternary phase diagram, GPC curves, additional TEM, rheology and SCFT data are provided in the Supporting Information.
